The paper describes a 15-atmosphere differential mercury manometer and a group of piston gages constructed and maintained at the National Bureau of Standards in connection with the determination of the thermodynamic properties of substances.
The procedure for calculating pressures from observations with these instruments is described, and the corrections to be applied are discussed.
The piston gages were calibrated as absolute instruments by means of measure- have been repeatedly intercompared and the technique <,f their operation developed, the purpose being twofold: (1) To increase the accuracy of the measurement of pressure as one of the thennodynamic variables, (2) to investigate the reliability of the pi-ton gage as a primary standard instrument. II . DESCRIPTION Figure 3 shows only a short section of the glass tubing, of the divided scale, and of the square supporting bar on which the reading device slides; it omits for the sake of clearness the means of attaching the scale to its support and the mechanism for moving the reading device.
The manometer is connected to metal apparatus, such as piston gages, by means of soldered glass-metal joints which have been described elsewhere. 2 3 For convenience in operation, there is a platform in front of the manometer about 1.5 fig. 4 ).
The adjustable friction clutch (7) drives a steel sleeve which carries a pair of arms (9 (1) which engage with two holes in the disk (4) , and projections on the shaft (5) which engage with notches in the upper end of the piston, cause the cap, shaft, and piston to rotate as a unit. Figure 2 .
The pressure at the point C in the left arm of Z7i and at the same height as the mercury surface in the right arm of U 5 at C, is equal to the sum of the following: (1) The pressure At e of the atmosphere at -C; (2) the difference in pressure (j? cap ) due to the combined capillary forces of the mercury-air meniscus at C and all the mercury-water menisci in the manometer; and (3) the excess (E) of the pressure exerted by a mercury column of height (H), equal to the sum of the differences in level of the menisci bounding the several mercury columns, over that exerted by a water column of the same height.
The (3)), and item (22) is the height of the oil column (AB fig. 2 , h equation (3)).
The tape reading of the oil-water meniscus is recorded in Table 4 . When item (26), the sum of items (23) Table 3 is the corresponding record for the piston gage. In this table the items " effective height of gage" and "oil-water meniscus" are, respectively, the elevations in centimeters, of the effective bottom of the piston (A, fig. 2 ) and of the oil-water meniscus ( 4, 1927 Aug. 6, 1927 MEASUREMENTS WITH GAGE 3-B Auk. 11 and 12, 1925. Mar. 16, 1926 Mar. 13, 1928 May 16 Apr. 13 .00002
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The precision obtained for the comparisons at the high pressures was about the same as at 15 bars; that is, a few parts in 100,000. In such gages the effective area is an average of the cross-sectional area of a surface lying somewhere between the surfaces of the piston and cylinder.
The process of lapping is likely to leave the piston small at the ends, although in these gages this irregularity extends only over a short distance as illustrated for piston No. 1 in Figure 7 . Similarly, the ends of the cylinders are likely to be large. These irregularities cause a tapering crevice.
Secular changes in the steel may cause the piston or cylinder to become elliptical or the axis of either to become curved. Even though pistons and cylinders of true geometric form are attained, the slightest eccentricity in the application of the load will result in a torque which will throw the axis of the piston out of parallel with that of the cylinder.
These possible causes of irregularity are so numerous that a combination of circumferential and axial variations in the width of crevice is to be expected. An approximate determination of the effective area can be made from a measurement of the average diameters of the piston and cylinder or from a measurement of the average piston diameter and the width of crevice between the piston and cylinder. experimental details and presenting the observed data, the fundamental relations between the dimensions of the piston and cylinder, and the sizes of the observed quantities will be discussed in the following order: (1) A formula for calculating the effective radius will be developed. The effective width of crevice-that is, the amount to be added to the diameter of the piston to obtain the diameter corresponding to the effective area-will be shown to differ by a negligible amount from the difference between the radii of the piston and cylinder, which are assumed to be coaxial cylinders of revolution; (2) formulas for calculating the difference between the radii of the piston and cylinder from data obtained by using the gage as a viscometer will be developed, the assumptions in regard to the piston and cylinder being the same as before; (3) a discussion will be given of the errors involved in the application of these formulas to a gage in which the crevice tapers along the axis but is uniform at any given cross section ; (4) a similar discussion will be given for a gage in which the crevice is uniform along an element of the piston, but varies around a given cross section; and (5) the upward frictional force caused by the gradual descent of the piston in displacing the oil leakage will be discussed.
In these discussions the following notation will be used [vol. e dv to the viscous drag of the oil which is 2-KrLix-r-j stream line flow being assumed. For equilibrium conditions the sum of these forces is equal to zero; that is j-p^-2wruf r =0 (5) Integration of the above equation gives /loger-^-^Z^C (6) where C is a constant of integration.
Since the velocity of the fluid must be zero at the surface of the piston and of the cylinder, v = for r = T\ and r = r 2 .
Substitution of these limiting conditions hi equation (6) Since the effective area is defined as the load divided by the pressure, the effective radius deduced from equation (8) (11) Since in piston gages the difference between r 2 and r x is less than onethousandth part of these radii, it is easily seen that the three values of R defined by equations (9) or (9a), (10) , and (11) will differ by lees than 1 part in 1,000,000. The value derived in this paper (equation (9) (6), (7), and (8) By following the same procedure as used in reducing equation (9) to the form (9a), equation (13) (15) which was used for calculating the width of crevice from the observed rate of oil leakage past the piston.
*w*$S? (i5)
The terms that were found to be negligible in the series of equation (14) correct for the curvature of the crevice, and equation (15) represents exactly the relation between the width of crevice between two infinite plane surfaces and the leakage through a portion of this crevice 2- (17) which is the form used in this investigation for calculating crevice widths from torque measurements at constant speed. But equations (17) and (18) 
which is the equation used to calculate the width of creyiee from observations of time and corresponding angular position of the rotating system spinning free of any driving mechanism.
The preceding formulas were derived for a crevice of uniform width, but, as already stated, a combination of axial and circumferential \voi.e variations in the width of crevice is to be expected. For simplicity, each of the two types of irregularity will be considered separately, and the consequent errors involved in the application of the preceding formulas will be estimated. 3 . Errors involved in the application of the formulas to a gage in which the crevice tapers along the axis. For simplicity, it is assumed that the piston is a geometrical cylinder of circular cross section and that the steel cylinder forms a conical frustrum of circular cross section as illustrated in Figure 8 . The same notation will be used as 12 3 4 5 VARIATION IN WIDTH + MINIMUM WIDTH where c is the width of crevice at the narrowest place (see fig. 8 For the sake of convenience, the order 1b which the formulae were discussed in the preceding seotion will be changed, and th< e for the piston and cylinder just described will be calculated fij From equations (15) and (22) (24) gives c "\ 6/7+2" (25) which is the relation between the average width of crevice W 2{ calculated from the measurement of oil leakage, and the actual dimensions of the crevice.
To deduce the relation between the average effective width and the dimensions shown in Figure 8 it will be assumed that the effective area for each element of length dy is the mean of the corresponding areas of the piston and cylinder. Then the element of force due to the drop in pressure along the element dy is dF-W^dy-irr^dii (26) By replacing r m with the approximate value r u and by substituting in (26) the value of -£-given by equation (23) This figure shows that for a tapering crevice the measurement of the actual effective area and piston diameter should give the smallest width, the measurement of leakage a larger value, and the measurement of the torque the largest value of the three.
4. The effect of departures of either piston or cylinder from true circular form may be illustrated by assuming a piston which forms a true cylinder of revolution surrounded by a composite cylinder made up of two or more coaxial segments having different radii. Application of equations (12), (15), and (17) (27) . (4) The error due to the sinking of the piston in displacing oil leakage is entirely negligible.
These conclusions form a basis for the critical examination of the experimental data which will be presented. The methods used for measuring the width of crevice are as follows :
(1) Measurement of the rate of oil leakage; (2) rotation of the piston at a constant speed and use of a calibrated spring to measure the torque required; and (3) initial rotation of the piston and weights by hand, and determination of the retarding torque from observations of the speed, the deceleration, and the moment of inertia of the rotating system.
1. For the measurement of oil leakage a small amount of weighed absorbent cotton was placed around the upper end of the piston in an annular space previously wiped dry, the load was applied to the piston, and the piston rotated at the usual speed for a period of 10 minutes to an hour, the time being chosen so that the amount of In Table 7 shown by the fact that the effective diameter for gage 3-13 in 1928 is actually less than the measured piston diameter. In this particular instance the discrepancy must be attributed to one or both ot two sources: (1) Error in pressure measurement, (2) It is believed that the combined effect of these errors will not be greater than 1 part in 10,000, and that the manometer is accurate within that limit.
The use of the piston gages is accompanied by the following sources of error:
1. Change in ihe dimensions of the piston or cylinder.-Change in the dimensions of the steel in the gages has been the source of considerable trouble; not only has it caused a decrease of 2 or 3 parts in 10,000 in the effective area of gage 3-B, but it has necessitated a relapping of cylinder A, piston 4 , and the piston of the 10-bar gage, to relieve sticking.
The changes consisted of a bending of the axis of cylinder A, an increase in the diameter of piston 4, as well as its cylinder C, and a change from circular to elliptic cross section in the piston of the 10-bar gage.
2. Sticking of the piston. -No definite value can be assigned to the error due to this cause. In the procedure followed for calibration of the gages, any error of this nature would appear as a part of the variation in the results. The maximum variation of the data in Table 6 for a comparison between gages 3-B and 4-C is 6 parts in 100,000, while data from a comparison of 4-C with the manometer before the piston was lapped to relieve sticking showed variations as large as 2 parts in 1,000. 
